Gallium nitride (GaN)-based power devices enable high power density and high switching frequency for power electronics systems. For the emerging vertical GaN devices, the electric field crowding around the edge of the main junction could result in premature breakdown. It is challenging to employ the commonly used junction-based termination techniques as in Si and SiC high-voltage devices for vertical GaN devices, due to the difficulty of selective p-type doping and activation in GaN. In this work, based on the unique feature of the negatively charged F ions in GaN which can favorably modulate the edge electric field, a fluorine-implanted termination (FIT) structure for vertical GaN PiN diodes has been designed and optimized to suppress the electric field crowding at the junction edge for a higher breakdown voltage (BV). The key parameters of the FIT, including the F ion dose, the thickness and width of the FIT and the angle of the bevel structure, have been comprehensively investigated by TCAD simulations to reveal their impacts on BV. Moreover, with a tapered dose distribution in the FIT, the device can achieve a higher BV with an enlarged FIT dose window.
higher BV with larger epitaxial thickness, it requires careful design/control of the doping concentration in the p-layer and n-drift layer as well as the bevel termination structures. Furthermore, Mg-implanted termination structure has been implemented in vertical GaN PiN diodes which requires sophisticated symmetric multicycle rapid thermal annealing above 1000 • C (with peak temperature up to 1410 • C) for several hours and an annealing protection layer to suppress GaN surface degradation, delivering a BV of ∼300-400 V [24] . In addition, nitridation-based termination (NT) has been developed particularly for vertical GaN devices, enabling an enlarged energy barrier height and effective barrier thickness at the junction edge, which can effectively reduce the reverse leakage current by ∼10 4 and boost the BV up to ∼1 kV in a vertical GaN SBD [9] .
The JTE structure, which is a commonly used termination technique in vertical SiC and Si power devices, is gradually depleted with increased reverse bias (V R ), forming a spacecharge region with negative fixed charges. Similarly, it is desirable to introduce negative fixed charges to form an effective edge termination for the vertical GaN devices, so as to alleviate the electric field crowding at the junction edge, as shown in Fig. 1 . It should be noted that the unique fluorine (F) ions can become negative fixed charges in IIInitride due to the strong electronegativity, which has been experimentally verified and widely used to realize threshold voltage modulation and normally-off lateral AlGaN/GaN HEMTs [25] , [26] . Therefore, the F ions in GaN, which can form a termination region with negative fixed charges, can spread the peak electric field away from the main junction. Recently, our group has proposed and developed a fluorine-implanted termination (FIT) technique that is well suited for vertical GaN power devices, utilizing the unique feature of the negatively charged F ions. It has been experimentally demonstrated that the FIT followed by a simple post-implantation annealing (PIA) at 450 • C for 10 minutes can successfully enhance the BV up to ∼800-1020 V in the vertical GaN SBDs even with a relatively low Schottky barrier height [11] . Moreover, the high-temperature reverse leakage measurements verify the thermal stability and effectiveness of the FIT. A double pulse test in our recent work has experimentally verified that the vertical GaN power diodes with the FIT structure can deliver superior switching performance with a high dV/dt and zero reverse recovery, suggesting that the FIT structure would not cause any degradation of the switching performance [11] . It is noteworthy that the FIT structure is different from the conventional JTE structure as in Si and SiC devices in a way that the FIT region contains negative fixed charges regardless of V R while the conventional JTE region is gradually depleted with increased V R . Therefore, the F ions in the FIT structure and p-type dopants in the traditional JTE structure would modulate the electric field within the device distinctively. Unlike the vertical SBDs with the electric field peak at the edge of Schottky junction near the device surface [27] , the FIGURE 1. Schematic equipotential contours in (a) unterminated-SBD with electric field crowding at the junction edge, and (b) terminated-SBD in which the negative fixed charges in the edge termination can alleviate the electric field crowding near the main junction. electric field peak in the PiN diode usually occurs at the p-n junction in the bulk semiconductor which requires a more rigorous design and optimization to achieve a higher BV. In order to provide guidelines to optimize the FIT design for high-voltage (>1500 V) vertical GaN PiN diode, it is of significance to study and reveal the influences of the key structural parameters of FIT on BV of the PiN diode.
In this work, we investigate the influences of the structural parameters, including the F ion dose, the thickness and width of the FIT and the angle of the bevel structure, on the BV of the vertical GaN FIT-PiN diodes. Moreover, it is found that a tapered dose distribution in the FIT, which can be realized by a single-step ion implantation and subsequent partial recess, can achieve higher BV with a wider process window. Furthermore, the recess depth (D r ) should be carefully designed to prevent a new electric field peak near the interface between the adjacent zones of the FIT regions. are varied in the simulations in order to investigate their influences on the BV performance.
II. DEVICE STRUCTURE AND SIMULATION SETUP
The vertical GaN PiN diodes with FIT structure have been investigated using the TCAD simulations. In the simulations, BV is determined when the maximum electric field in GaN reaches the critical electric field (E C ) of 3.3 MV/cm [28] .
The key material parameters used in the simulations are listed in Table 1 . The simulations in this work mainly focuses on the modulation of the edge electric field with different FIT structures, whereas the active region away from the edge where the electric field is relatively uniform is not that critical. Therefore, the width of the active area is set as a relatively small value in the simulations, which is desirable for high-efficiency simulations but wouldn't affect the analysis of the electric field modulation at the junction edge. In practice, the real active region could be wider, depending on the required device current rating. According to prior experimental works verifying that the unique F ions can become negative fixed charges in IIInitride [25] , [26] , the F ions are modelled as negative fixed charges in GaN in the simulations herein, whereas the concentration of the negative fixed charges is adjusted in the simulations to investigate the dependence of BV on F ion concentration in the vertical PiN diode. With this simulation setup, the FIT can be set as a space charge region consisting of negative fixed charges, which can behave similarly with a fully depleted JTE with insignificant holes, as shown in Fig. 3 . Fig. 4 shows the dependence of BV on F ion concentration in GaN PiN diode with various SZ-FIT thickness values. The initial values of the FIT width (W) and D e are set to be 50 µm and 0.6 µm, respectively. As shown in Fig. 4 , the optimal F concentration in the FIT strongly depends on the FIT thickness, which decreases with larger FIT thickness. Moreover, the maximum BV at the optimal F ion dose slightly increases with larger FIT thickness. Fig. 5 (a) and (b) show the 2-D electric field distribution with the same F ion dose (i.e., 1.0×10 13 cm −2 ) but different FIT thicknesses of 0.2 µm and 0.5 µm, respectively. It is found that the 2-D electric field distributions with the two different FIT thicknesses are similar, as the same F ion dose in the FIT region has similar influence on spreading the electric field away from the main junction. Fig. 5 (c) shows the 1-D electric field distribution along the A-A' cutline as in Fig. 5 (a) and (b). Despite the different FIT thickness and F ion concentration values in the two SZ-FIT structures, they exhibit similar electric field distribution around the main pn junction and the outer edge of the FIT, because of the same dose of the negative fixed charges in the two SZ-FIT structures. These results suggest that the dose of the negatively charged F ions is critical to the electric field distribution and the BV performance. The optimal dose in the FIT shows a tightly distributed range (i.e., 1.0-1.1×10 13 cm −2 ) with different FIT thicknesses ( Fig. 6) , similarly with the trend of JTE in vertical Si and SiC power devices [29] , [30] . According to Fig. 6 and considering the process feasibility, a FIT thickness of 0.5 µm is selected in the subsequent simulations in this work. ion concentration values, respectively. As shown in Fig. 7(a) , there is still electric field crowding around the edge of the p-n junction with a relatively low F ion concentration of 1.0×10 17 cm −3 in the FIT region, as the relatively low amount of negative fixed charges are insufficient to spread out the electric field away from the periphery of the main junction. At a relatively high F ion concentration of 2.5×10 17 cm −3 in the FIT, electric field peak exists at the outer edge of the FIT whereas the FIT behaves similarly as an extension of the main junction [31] , as shown in Fig. 7 (b). The electric field peak either at the edge of the main junction or the FIT in the above two cases could lead to premature breakdown of the device. In Fig. 7 (c), with an optimum F ion concentration of 2.1×10 17 cm −3 in the FIT, the electric field is uniformly distributed from the main junction to the FIT edge, and thus, the PiN diode would achieve a higher BV. Fig. 8 shows the 1-D electric field distribution along the A-A' cutline as in Fig. 7 (a)-(c). The electric field peak shifts from the main p-n junction to the outer edge of FIT with increased F ion concentration in the SZ-FIT, which reveals the influence of the negatively charged FIT on the electric field distribution in the vertical GaN PiN diode.
III. SIMULATION RESULTS AND DISCUSSIONS A. THICKNESS, CONCENTRATION AND DOSE OF FIT

B. WIDTH OF FIT AND ETCHING DEPTH
To further understand the role of the key structural parameters in influencing the effectiveness of the FIT in vertical GaN PiN diode, the impacts of the W and the D e are studied by TCAD simulations. Fig. 9 shows the dependence of the maximum BV on W when the optimal F ion dose is introduced in the FIT region. The maximum BV is enhanced with increased W and would saturate at a width of 50 µm which is about three times of the drift layer thickness. In other words, to approach the ideal parallel-plane value of BV and to further mitigate electric field crowding, the FIT's total width or termination width is usually made at least three times wider than the drift layer [32] . When W is too small (e.g., <10 µm), the FIT is not wide enough to spread the electric field away from the main junction and to have sufficient enhancement of BV. Considering the area efficiency of the termination, W is selected as 50 µm in this work. Fig. 10 shows the dependence of the BV on the F ion dose with varying D e . It is found that there is only a slight increase in BV when D e exceeds the total thickness of the p + /p-type layers with relatively low F ion dose in the FIT region. It also suggests that the effectiveness of the FIT is not that sensitive to D e as long as D e is deeper than the total thickness of the p + /p-type layers (or the mesa is etched into the n-drift layer in the termination region). A D e value of 0.6 µm is used in the subsequent simulations in this work.
C. BEVEL ANGLE
The bevel termination technique has been proposed to successfully achieve high blocking voltage in SiC power devices [33] . The premature breakdown at the edges and corners of the main junction can be prevented by using bevel structure as the maximum electric field is confined within the bulk [34] . In this work, a bevel structure is combined with the FIT to improve the BV performance with low F ion dose, whereas the bevel angle is varied to study its impact on the electric field modulation and BV. Fig. 11 shows the schematic cross section of the vertical GaN PiN diode with a bevel structure and SZ-FIT. The tilting angle of the bevel structure is varied in the simulations. The p + -GaN still extends 5 µm beyond the anode in the horizontal direction. In the bevel structure, the F ions are also introduced around the corner of the bevel (Fig. 11 ), which would spread the peak electric field away from the corner to enhance the BV of the device in the medium F ion dose range. In addition, similar structure/process with p-type doping around the corner has been applied in SiC devices with JTE structures [14] , [16] , [19] . As shown in Fig. 12 , the BV performance of the devices is significantly improved with decreased bevel angles (θ ) in the low F ion dose range. In the high F dose range, the θ value has almost no evident effect on the BV of the devices, as BV is primarily limited by the electric field peak at the outer edge of the FIT region with high F dose. Fig. 13 shows the dependence of leakage current on F ion dose in the vertical PiN diode with a bevel structure and SZ-FIT. The leakage current remarkably increases in the unterminated vertical PiN diode above ∼1000 V. The FIT structure can suppress the reverse leakage current at considerable reverse voltage and enhance the BV. The dependence of the reverse voltage corresponding to an abrupt leakage current on F ion dose is consistent with the relationship between BV and F ion dose as shown in Fig. 12 .
The FIT structure can enhance the BV of the device. SZ-FIT. There is insignificant difference in the forward characteristics of the devices with the bevel and FIT structure. In the real device with ampere-level current capability and larger active area, the lateral forward current spreading effect is further limited.
The bevel angle of 15 • enables a considerably high BV over a relatively wide dose window, while an even smaller θ with a relatively large D e could also influence the area efficiency. The bevel angle is selected to be 15 • in the subsequent simulations in this work. Such small bevel angle can be realized with well controlled etching process in GaN PiN diodes [22] , [23] . 
D. DOUBLE-ZONE FIT (DZ-FIT)
In practice, the doping concentration of the FIT in the real device could be affected by the activation and the interface charges [16] . Therefore, it is desirable to have a wide range for F ion dose in order to reach a high BV with a larger process window. According to Fig. 6 and the analysis in Section III-A, there is a narrow F ion dose window for SZ-FIT with all the FIT thickness values. BV is sensitive to the variation of the F ion dose, resulting in difficulty in achieving high BV with SZ-FIT. In the previous works on junction-based termination in SiC and Si power devices, it has been found that a tapered distribution of termination dose implemented by partial recess or multiple implantation steps could enable a larger dose window [35] [36] [37] . In this work, in order to further optimize the FIT towards higher BV with a better tolerance to the possible deviation of F ion dose, partial recess would be implemented in the FIT region to form a DZ-FIT structure without any additional implantation step. Fig. 15 shows the schematic cross section of the vertical GaN PiN diodes with DZ-FIT. In this case, the DZ-FIT structure has two regions (i.e., FIT1 and FIT2) that could be formed by a single-step ion implantation followed by a partial recess. The widths of FIT1 (W 1 ) and FIT2 (W 2 ) need to be optimized. According to the design of SZ-FIT as in Section III-A, the thickness of FIT1 is selected as 0.5 µm, while FIT2 is thinner with a variable D r . The F ion concentrations in FIT1 and FIT2 are set to be the same to mimic the effect of a single-step ion implantation in the fabrication process. In the subsequent investigation of DZ-FIT, the F ion dose refers to the value in the FIT1 region for simplicity. The dose in the FIT2 region can be derived based on the concentration and its remaining thickness. Fig. 16 shows the dependence of BV on F dose in GaN PiN diode with various D r values in the DZ-FIT. Here, the initial values of W 1 and W 2 are both 25 µm. The BV level and the F ion dose window both increase with larger D r . However, the BV of the diodes with D r of 0.3 µm and 0.4 µm suddenly drops into low values in the medium F ion dose range (e.g., ∼1.7−2.5×10 13 cm −2 ). Moreover, when the D r is 0.4 µm, the trend of the BV in the low F dose range is similar with the one with SZ-FIT. If the D r value is very large, the thin FIT2 has insignificant influence on the electric field modulation, and thus, such DZ-JTE with a very thin FIT2 behaves similarly with a SZ-FIT. In order to investigate the mechanisms of the BV reduction in the medium F ion dose range, the 2-D electric field distribution in the PiN diode with DZ-FIT with D r of 0.3 µm and a medium F ion dose of 2.0×10 13 cm −2 is shown in Fig. 17 . It is found that there is a new electric field peak emerging around the interface between FIT1 and FIT2, which can mitigate the electric field crowding around the main junction and the FIT edge so as to enhance the BV and F dose window. But when the D r is too deep (e.g., 0.3 or 0.4 µm in this case), this new electric field peak the interface between FIT1 and FIT2 ( Fig. 18 ) would cause premature breakdown of the diode, and thus, the maximum BV with a relatively deep D r and medium F ion dose. It can be summarized that D r is a critical parameter for DZ-FIT structures, whereas an optimal D r can further increase the BV level and process window of F ion dose.
In order to more systematically study the DZ-FIT structure, the values of W 1 and W 2 are varied while W 1 + W 2 is kept as a constant of 50 µm. To simplify the description, the pair of widths (W p ) is adopted to represent W 1 and W 2 . For instance, W p = (20, 30) refers to W 1 of 20 µm and W 2 of 30 µm. Fig. 19 (a) and 0.3 µm and various W p values in the DZ-FIT. It can be found that a smaller W 1 can slightly increase FIT dose window. However, if the value of W 1 is too small, the BV would decrease, as the interface between FIT1 and FIT2 is close to the main junction and the electric field crowding around the main junction cannot be suppressed effectively. The F dose window can be enlarged by adjusting the ratio between W 1 and W 2 , yet the reduction of BV with large D r and medium F ion dose range still exists. For DZ-FIT structure with an appropriate D r , a relatively small W 1 and large W 2 could achieve better termination effectiveness.
E. TRIPLE-ZONE FIT (TZ-JTE)
In the simulations of DZ-FIT, partial recess is proved to be useful for further increasing the BV and the FIT dose window in vertical GaN devices. However, as discussed in Section III-D, a relatively large D r could cause premature breakdown of the devices, due to the electric field crowding beneath the interface of FIT1 and FIT2. Such phenomenon is due to the difference in F ion dose in FIT1 and FIT2 regions, which could cause non-uniform distribution of the electric field at the interface between the two regions. In order to further enhance the BV, a TZ-FIT structure is proposed and studied (Fig. 20) , consisting of three FIT regions that can be formed by a single-step ion implantation and two subsequent mesa etching steps. In this structure, the FIT1 thickness is 0.5 µm, and the thicknesses of the FIT2 and FIT3 are variables depending on the recess depth (D r1 ) between FIT1 and FIT2 and recess depth (D r2 ) between FIT2 and FIT3. In DZ-FIT structure in Section III-D, W p of (20, 30) enables a considerable BV performance and relatively large F ion dose window. In the investigation on TZ-FIT, the widths of FIT1 (W 1 ), FIT2 (W 2 ) and FIT3 (W 3 ) are selected to be 20 µm, 15 µm and 15 µm, respectively. The pair of the recess depths (D p ) is used to represent D r1 and D r2 . For instance, D p = (0.1, 0.2) refers to D r1 of 0.1 µm and D r2 of 0.2 µm. Fig. 21 shows the dependence of BV on F ion dose in GaN PiN diode with various D p values in the TZ-FIT. Except for D p of (0.1, 0.2) and (0.2, 0.1), the BV plots exhibit "M-shaped" trend. For D p of (0.2, 0.2) and (0.3, 0.1), the reduction of BV occurs in two F ion dose range and there are three peaks of BVs with the increase in the F ion dose. As the peak of the electric field shifts from the periphery of the p-n junction to the FIT edge with increased F ion dose while a relatively large D r could also cause a new electric field peak around the interface according to the analysis in Sections III-A and III-D, the BV of the device is limited to the electric field crowding at any of the four locations from the main p-n junction to the FIT edge. In the low F ion dose range, the electric field peak mainly exists around the periphery of the p-n junction. With increased F ion dose to the medium dose range, the electric field peak would shift to the interface between FIT1 and FIT2, and then to the interface between FIT2 and FIT3. In the high F ion dose range, the crowding will exist around the FIT outer edge. When the electric field values of any of the adjacent locations are comparable, there is a BV peak as a function of the F ion dose, as shown in Fig. 21 .
Moreover, the dependence of BV on F ion dose in the vertical PiN diode with DZ-FIT and TZ-FIT structures is shown in Fig. 22 . Compared with the DZ-FIT, the TZ-FIT has a larger window for F ion does, as multiple FIT regions enable tapered distribution of F ions with decreased F ion dose from the periphery of main junction to the outer edge of the FIT.
IV. DISCUSSION ABOUT THE PROCESS IMPLEMENTATION
Compared with the Mg-doped JTE structures requiring sophisticated symmetric multicycle rapid thermal annealing for several hours with a peak temperature over 1400 • C [24] , the FIT structures can be successfully implemented with a simple PIA at a relatively low temperature of 450 • C and short time of 10 minutes [11] .
In our recent work [11] , it has been experimentally verified that the FIT technique can effectively improve the BV of the vertical GaN SBDs. The effective dose of F ions in the FIT has been investigated and calibrated. The measured BV of the fabricated vertical GaN SBD with an F implantation dose of ∼10 14 cm −2 is aligned with the simulations of SBD containing an effective F ion dose of ∼10 13 cm −2 . In other words, an effective negatively charged F ion dose in the range of 10 13 cm −2 , which approximately corresponds to the optimal F ion dose in the simulations for vertical GaN PiN diodes in this work, is feasible and can be possibly realized by a standard F ion implantation with a dose of ∼10 14 cm −2 followed by a simple thermal annealing as described in [11] .
V. CONCLUSIONS
In this work, the influences of the structural parameters, including the F ion dose, the thickness and width of the FIT and the angle of the bevel structure, on the BV of the vertical GaN PiN diodes with FIT structure have been comprehensively investigated by TCAD simulations. The negatively charged F ions can effectively spread out the electric field around the main junction so as to prevent the premature breakdown. In addition, the dose of F ions in the FIT region has a critical impact on BV of the vertical GaN PiN diodes. The maximum electric field can be confined within the bulk by using bevel structure so as to increase the BV in the low F ion dose range. Moreover, a tapered distribution of F ion dose in the FIT region, which is able to further enlarge the FIT dose window and enhance the BV of the devices, can be implemented by partial recess with a single-step ion implantation. The FIT with optimal F ion dose, which can be formed by a single-step ion implantation and a simple PIA, is an effective and versatile edge termination technique well suited for vertical GaN power devices.
